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The electrode resistance (Rel) at low over-voltages has been determined for Bi203 free and Bi203 doped yttria-stabi- 
lized zirconia with sputtered platinum electrodes. The anode and cathode resistances are measured separately and are 
. . . .  4 equal. B1203 causes a decrease of th  electrode resistance at small overvoltage and with 5 × 10 < PO2 ~ 1 atm. The 
rate determining step for the electrode reaction under the measuring conditions probably is a charge-transfer process in 
which oxygen adsorbs dissociatively on the bismuth free and associatively on the bismuth doped samples. The complex 
impedance behaviour of the electrode reaction ca  be interpreted in terms of R-C circuits in the PO2 range of 10- -1 
atm. 
1. Introduction 
Solid electrolytes, which show oxygen ion conduc- 
tivity at elevated temperatures, are interesting mate- 
rials for use in. e.g., oxygen pumps and oxygen sensors. 
The electrode processes at the electrolyte-electrode- 
gas interface play an important role in the efficiency 
of oxygen pumping devices and in the response speed 
when used as an oxygen sensor. 
The electrochemical behaviour of the electrode- 
electrolyte systems depends on many factors such as 
oxygen partial pressure, temperature, structure of the 
electrode and the chemical composition of electrolyte 
and electrode materials. Verkerk et al. [I ,2] studied 
the influence of the solid electrolyte on the electrode 
process using platinum electrodes. The electrode resis- 
tance (Rel) of  stabilized Bi203 was found to be con- 
siderably lower than that of  stabilized ZrO2, especial- 
ly at high oxygen partial pressures. In many studies 
Pt paste lectrodes are used. These pastes often contain 
a small percentage of bismuth for which a negative in- 
fluence on the electrode behaviour has been reported 
[3,4]. In this paper effect on the electrode resistance 
has been studied when Bi is incorporated in stabilized 
zirconia. 
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Bauerle [5] already noted that Rel strongly depends 
on electrode material, temperature and current reat- 
ment of  the system. The mechanism of the oxygen 
transfer process depends on the temperature gion in 
which the electrode behaviour is examined. A dissocia- 
tive chemisorption process was reported to be the rate 
determining step on a sputtered platinum-stabilized 
zirconia system at temperatures above 970 K [6]. At 
lower temperatures a charge transfer contribution was 
observed for the electrode behaviour. 
The preparation and morphology of the electrodes 
are generally badly characterized in literature. The 
electrode morphology, however, has a strong effect 
on the electrode behaviour. Especially the preparation 
of stable electrodes with a low diffusion resistance is
important and is difficult to realize. Bauerle [5] pre- 
pared very porous electrodes by passing a large current 
(104 A/m 2) through the sample for several minutes at 
1073 K. This resulted in rather stable electrodes with 
high values for the electrode (double layer) capacity. 
In this study the electrode behaviour is investigated 
on pure and Bi20 3 doped yttria-stabilized zirconia 
with sputtered porous Pt electrodes, which have been 
stabilized by annealing treatments. The measurements 
are performed with a three elctrode dc system in order 
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to separate the anodic and cathodic resistance [71. 
The electrode-electrolyte systems were also investi- 
gated by ac impedance measurements which were 
analysed by means of a nonlinear least squares fitting 
program. 
2. Theory 
The overall electrochelnical reaction which takes 
place at the electrode electrolyte-gas interface can 
be described as 
a 
O2(g ) + 4e' + 2V O" ~ 20~3 , 11) 
(2 
where a and c denote the anodic and cathodic retie - 
lion respectively. The free and occupied oxygen vacan- 
cies are denoted by V O" and O~. This overall reaction 
can be split up in different elementary steps: 
(1) The adsorption or desorption of molecular ox- 
ygen, which can take place dissociatively or associative- 
ly. 
(2) Diffusion of adsorbed oxygen to or from the 
reaction site across the surface of the electrode or elec- 
trolyte material. 
(3) The charge transfer eaction. 
(.4) Reaction between oxygen anions and charged 
point defects followed by diffusion in the electrolyte. 
The first elementary step is given by either 
O2(g) + 2Vads~---7, 2Oads, dissociative (2a) 
or 
O2(g) + Vads ~ 02 ads, associative. (2b) 
Vad s is a vacant adsorption site, Oad s is an adsorbed 
oxygen atom. The fraction of oxygen adsorption sites 
that are occupied is given by 0ad s . The mass action re- 
lation for the reactions (2a) and (2b) can be written 
in terms of Langmuir adsorption 
Oads/( 1 -- 0ads) = K (.Po2) 1t2 , (.3 a) 
0ads/(1 -- 0ads) = KP02 . (.3b) 
A diffusion step on the material surface, after dissoci- 
ation of adsorbed oxygen molecules, can be written 
as: 
Oad s + Vrs ~Ors  + Vads, (.4) 
where Vrs and Ors are a vacant and occupied reaction 
sites respectively. The overall charge transfer eaction 
is given by: 
Ors+2e '+V O 'c - -  x - - ,O  O + Vrs. ( 5 ) 
This reaction can again be split up in reaction steps 
in which the formation of several oxygen species Ov , 
O ,O 2-  takes place. The relation between current l
and overpotential 7?for the reactions (4) and 15) is 
given by a modified Butler-Volmer equation, which 
incorporates a diffusiorl step [1,7 I 
1 = exp(.e~aV* ) - exp(-o%V*) 
X [10 -I +] la  1 exp(%V*)+l l c  1 exp( -%V*) ]  t 
V* = r?F/R T , {7) 
where % and % are the anodic and cathodic transfer 
coefficients, respectively, r/is the overpotential pplied 
and 10 is the equillibrimn exchange current for the 
charge-transfer reaction. The anodic and cathodic mass 
transport limiting currents are denoted by lla and I1, 
respectively. At low overpotentials, IV*I "~ 1, ohmic 
behaviour is obtained. Eq. (6) then becomes: 
1 =(o~ a + C~c)V*/(I d 1 +llal +lie 1 ) (8) 
and with eq. (.7) we find for the electrode resistance 
(RED: 
Ret = rT/l =RCT + Rla + Ric ~ (l 0 I + llal + lie I ). 
( 9 ) 
It is clear that for lla and lie >~ Ill the electrode pro- 
cess and consequently Rel is deternrined by the charge- 
transfer eaction (5) (.i.e. Rel = RCT ~ 1/I0). The reac- 
tion rate of(5) can be expressed m terms of an ex- 
change current, which can be written as [8,9]: 
Ioa = nekra(1 0r.s) exp(aaFEe/RT)  , (10) 
10c = nekrc 0r.s exp (-c% FEe/R 7") ~ 11) 
for the anodic and cathodic reaction respectively, where 
n is the number of elementary charges transferred ur- 
ing the overall reaction (n = 4);kra and krc are the 
anodic and cathodic reaction rate constants respective- 
ly. The fraction of oxygen reaction sites, which are 
occupied is given by 0r. s. This fraction is equal to 0ad s 
when mass transport is not rate determining (0r. s = 
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0ad s = 0). E e is the equilibrium potential between elec- 
trolyte and electrode which is, according to Nernst: 
E e = E 0 + (RT/nF)ln(Cox/CreA). The anodic and cath- 
odic transfer coefficients, 0t a and ac, can be written as 
[9]: 
C~a = (7a/P) + r - r X/3, (12) 
a c = (',/c/U) + r X/3, (13) 
where 7a and 7c are the number of elementary charges 
transferred uring the overall reaction before the rate 
determining step (= RDS) of the anodic and cathodic 
reaction respectively, r is the number of charges trans- 
ferred in the RDS,/3 is a symmetry factor usually 
taken as 1/2 and p is the number of times the RDS 
has to occur to complete acycle of the overall reaction. 
The exchange current, I0, equals I0a as well as I0c 
under open circuit stationary conditions (r/= 0); so we 
can write then: 
(/0c) c~a X(/0a) c~c =I~a+ac , 
which can be written as: 
:0 = (Ioa) ac/(%+~c) X (/Oc) %/(<~a +c~c) . (14) 
Substitution of eqs. (10) and (1 1) in eq. (14) gives 
(0r. s = 0ad s = 0): 
I 0 ~ ( 1 -- 0 )~c/( ~ a + ~c) X (0) c~a/( ~a + ~c) (15) 
The combination of the Langmuir adsorption [eqs. 
(3a) or (3b) and eq. (15)] results for dissociative and 
associative adsorption respectively in: 
I 0 ~ O(Po2)-ac/2(aa+ac) or 
I 0 ~ (1 - O)(Po2)~a/2(~a+~c)(dissociative ) (16a) 
and 
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I 0 ~. O(Po2)-ac/(~a+aO or 
I 0 ~ (1 - O)(Po2)aa/(~a+C~c) (associative). (16b) 
At high oxygen partial pressures all adsorption sites 
are occupied (0 = 1), so (16a) becomes: 
I0 "~ (Po2)-ac/2 (aa + ac) . (17) 
According to eqs. (9) and (17) with charge transfer as 
RDS: 
RCT ~ 1/I 0 ~ (Po2) ac/2(c~a+ac) . (18a) 
For associative adsorption and 0 = 1 we get: 
RCT "~ (Po2)ac/(aa + ac) ' (18b) 
In the case of low oxygen partial pressures 0 is about 
zero; the PO2 dependence of ROT becomes for disso- 
ciative and associative adsorption respectively (1 - 0 
= 1) :  
R CT "~ (Po2)-  aa/2 (aa + ac) ' (19 a) 
R CT ~ (Po2)-  ~a/(aa + ~c). (19b) 
The oxygen partial pressure dependence of the elec- 
trode resistance as determined by a charge-transfer 
reaction can now be calculated by means of eqs. (12), 
(13), (18) and (19) assuming acertain mechanism and 
these calculations are compared with experimental re- 
sults. 
3. Experimental 
The electrolyte materials used in this study are 
pure and Bi203 doped yttria-stabilized zirconia ceram- 
ics. Some characteristics of the samples are given in 
Table 1 
Material characteristics of the investigated electrolytes. 
System Synthesis Composition (mol%) Sintering Relative Grain 
method temperature density size 
ZrO2 YO1.5 BiO1 .s (K) (%) 0~m) 
ZY17 alkoxide 83 17 
ZY21 citrate 79 21 
ZYB1 a) alkoxide 83 17 
ZYB2 citrate 78 20.6 1.4 
1680 99 3 
1790 95 8 
1680 99 3 
1420 96 3 
a) ZYB1 is a ZY17 sample heat-treated in a Bi203 atmosphere (1 h, 1170 K). 
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Fig. 1. Typic',d SEM picture of the sputtered platinum electrodes used in this study. 
l 
table 1. The (ZrO2)0.83(YO1.5)0.17 (called ZY17) 
starting powder was prepared by the alkoxide method 
[10]. The Pt/ZY17/Pt system was placed in a Bi203 
atmosphere as described elsewhere [ 11 ], after elec- 
trode resistance and response time measurements [ 12] 
on the Bi203 free system were performed. The elec- 
trode-electrolyte system, obtained in this way, is 
called ZYB l. This allows measurements of changes in 
Rel due to an atmosphere containing Bi203(g), which 
may adsorb on and react with the surface. The ZY21 
and ZYB2 samples were prepared as described in [ 11 ]. 
All ceramic materials have a cubic (fluorite) structure 
and are monophasic. 
The electrode-resistance m asurements were per- 
tbrmed on samples with a diameter of 10-13 mm and 
a thickness of 1-1.2 mm. The samples were polished 
with AI203 (0.05/~rn). Platinum electrodes with a 
thickness of 170 (+ 20) run were sputtered onto the 
polished samples with a Balzers sputtering device. The 
thickness of the sputtered electrode was measured by 
a Balzers quartz thickness monitor (QSG 301). A mask 
was used during platinum sputtering at one side of the 
specimen. This mask separated the reference lectrode 
from the counter electrode. The distance between these 
electrodes i 0.5 mm. The area of the reference lec- 
trode was kept small (about 7% of the total surface 
area). The opposite surface of the electrolyte which was 
completely covered with sputtered Pt was used as work- 
ing electrode. 
The sputtered samples were subjected to a tempera- 
ture treatment of 2 h at 1220 K. This resulted in the 
porous electrode structure as shown in fig. 1. The sam- 
ples were next treated in order to avoid changes in the 
results of electrical measurement during the measuring 
period. This consisted of a heat treatment at 1020 K 
for 48 h followed by an ac current reatment with 1 V 
(r.m.s.) at a frequency of 1 kHz during 5 min at 953 K 
(the highest measuring temperature). The morphology 
of the electrode is characterized by the length of the 
three phase line. This line is the contact line: gas-Pt 
electrode-electrolyte, and has a value of 9 X 105 
m/m 2 for all samples. 
The electrode resistance measurements were per- 
formed in a tubular furnace with a diameter of 40 mm 
at temperatures of 873 K and 953 K. The oxygen par- 
tial pressures in the range of 5 × 10-4-1  atm 0 2 were 
obtained by different O2/N 2 mixtures. An Inacom 
mixing device was used with a gas supply rate of 40 
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Fig. 2. Electrical circuit for the 3 point dc measurement; (1) 
reference electrode; (2) counter electrode; (3) working elec- 
trode; (4) electrolyte. 
cm 3/min. The oxygen partial pressure of the gas mix- 
tures was measured by an oxygen sensor based on sta- 
bilized zirconia. 
The electrical circuit used for dc experiments is 
shown in fig. 2. A Wenking potentiostat was used in 
the voltage range of 1-10 mV. The different voltage 
drops were measured with HP 3465A multimeters. 
The current hrough the sample was calculated from 
the voltage drop across the reference resistor (V 1). 
The ac complex impedance measurements were 
performed in the frequency range 106-10 -3 Hz using 
a Solartron 1174 frequency response analyser with a 
sample voltage of 10 mV (rsn.s.). The circuit used in 
the ac experiments has been described elsewhere [ 13]. 
4. Results and discussion 
4.1. dc polarization 
The current-voltage r lation shows an ohmic de- 
pendence in all cases at the small voltages used (1-10 
mV). The current density through the samples is less 
then 6 A/m 2. 
The potential drop between the reference and the 
working electrode (V 2 in fig. 2) equals the potential 
drop over the working electrode-electrolyte interface 
(deviation less than 10%). The voltage drop over the 
electrolyte isnegligible for these materials, because 
low currents are used and the distance between refer- 
ence and counter electrode is sufficiently large (here 
0.5 mm). The contribution of the electrolyte polari- 
zation to V 2 cannot be neglected when higher currents 
are applied or when electrolyte material with higher 
conductivity is used. In that case the potential drop 
V 2 contains acontribution from the electrolyte, for 
which must be corrected. The electrolyte contribution 
to V 2 can be diminished by increasing the distance 
between reference and counter electrode. 
The potential drop V 2 can be used to measure 
either the cathodic or the anodic process by reversing 
the current direction. In all cases the anodic resistance 
shows the same oxygen partial pressure dependence as
the cathodic resistance and they are equal to each 
other within the accuracy of the measurements. These 
results uggest hat the anodic and cathodic mass lim- 
iting current (/la and Ilc in eq. (6) of sect. 2) are both 
much higher than the exchange current I 0 in the PO2, 
temperature and voltage r gion regarded. In the model 
we further use in this study, it is assumed that the 
charge transfer eaction is rate determining in the 
electrode process. 
The sum of anodic and cathodic resistance is calcu- 
lated as follows. The total potential drop over the elec- 
trolyte-electrode system is measured by V 3 . The over- 
all resistance is calculated from V 3 with the known 
current. The r sistance across both electrodes i ob- 
tained by subtracting the electrolyte resistance, ob- 
tained from ac impedance measurements, from the 
overall resistance. The overall electrode resistances are 
given in fig. 3 for all samples as function of Po2 after 
normalisation per unit area of the total electrolyte sur- 
face. A minimum in the ReI-PO2 curves is found for 
all samples. The ZY17 sample showed a decrease in 
Rel after the treatment in Bi203 atmosphere (= sam- 
ple ZYB1). At 953 K ZYB2 also shows a lower resis- 
tance than the Bi-free samples. The solid lines in fig. 3 
represent an oxygen partial pressure dependency as 
indicated. The slopes of these lines have a deviation 
of at most 15% from the best fitted lines through 
these points. 
The oxygen partial pressure dependences ofRel 
can be explained using eqs. (18) and (19) if the charge 
transfer process is the rate determining step in the 
electrode reaction. For samples modified with Bi203 
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Fig. 3. Electrode resistance as a function of  oxygen partial 
pressure at 873 K (I) and 953 K (II): (o) ZY17; (o) ZYBI; 
(r,) ZY2I; (A) ZYB2. The solid lines represent a pn depen- 
. . . . . .  '0  2 
dence. The value ot n tor each line is given In the figure. 
(ZYB1 and ZYB2) the exponent n in the relation Rel 
p~Zoa has a value which is twice that of Bi203 -free 
samples (ZY 17 and ZY21), except for relatively low 
temperature and high oxygen partial pressure (873 K 
and PO2 > 10 -2 atln). This difference in PO2 depen- 
dence (factor 2) is also found if tire dissociative 
Langanuir-adsorption s compared with the associative 
one (cf. eqs. (3a) and (3b) in sect. 2). The values of the 
exponents in eqs. (18) and (19) for associative adsorp- 
tion are twice those of dissociative adsorption. This 
suggests that oxygen adsorbs dissociatively on ZY 17 
and ZY21 and associatively on ZYB1 and ZYB2 san> 
pies. The oxygen molecule on the ZYB samples disso- 
ciates after adsorption. The reaction steps following 
the adsorption are then supposed to be exactly the 
sanre for pure and Bi-doped ZY and hence % and o% 
have the same values for both types of material. It is 
not necessary in this case that the adsorption step is 
the rate limiting one. 
The surface of a ZY17 sample placed in a Bi203 
atmosphere showed an enrichment of Bi, which was 
detected by Auger electron spectroscopy. Auger anal- 
ysis of a ZYB2 surface after a temperature treatment 
which is the same as applied during the electrode an- 
nealing treatment (2 h 1220 K and 48 h 1020 K) also 
shows enrichment of the surface with Bi. The surface 
composition amounts to about 15 mol% BiOl. 5 in 
both cases. The Bi percentage of the outermost sur- 
face layer may be larger but this is not detectable ,aid~ 
Auger analysis. These results indicate that oxygen ad- 
sorbs associatively o11 Bi. The same phenomenon is
mentioned by Sleight [14] who suggests that bismuth 
may serve as tire adsorption site for molecular oxygen 
in oxidation catalysis on bismuth molybdates. 
The case of dissociative adsorption on ZY17 and 
ZY21 is now regarded into some detail. The fitsl 
mechanism we regard for the electrochemical reac- 
tion is a stepwise charge transfer eaction: 
O~. s + v o + e ' - -~  O o + Vr  s , lat  
P ~2....._ Oo +e ibl 
If the first step (a) of this reaction is rate determining 
tire values ofo~ a and o% are respectively ?/2 and 1:" Z 
(eqs. (1 2 ) and (13) with Ya = 2,7c = 0. r  = 1 and u = 
2). This results in R,,~ ~ p1/8 for high PO2 (0 < 1 ) 
4/8 "" ,-,2 
and Rel - PO2 for low PO2 ( 1 0 ~ 1) using eqs. 
(18a) and (19a) respectively. The behaviour of Rel 
p-MS 02 was experimentally found at 053 K and PO: 
'~ 3 X 10 2 atm (see fig. 3). 
The charge transfer eaction may also proceed by 
a two-electron rechanism 
Or. s + 2e' + V o" / x ,- O O + Vr. s • 
Tire anodic and cathodic transfer coefficients are 
equal (% = ~c = 1) if this overall charge-transfer re- 
action is rate determining. This results in Ret ~ P~j/; 
~p 1/4 for high P02 and Rel 02 for low PO2 ' This behav- 
iour was experimentally found at high P02 (>3 X 10 2 
atm) and 953 K as well as for low PO2 (<10-2 atm) 
and lower temperatures (873 K). 
Berry [15] found that platinum oxide was fomred 
at an oxygen partial pressure of  1 arm and a relatively,' 
low temperature of 850 K. Tire results of Berry sug- 
gest that at 873 K and relatively high PO2 a chemi- 
sorbed oxygen layer can be formed on the platinum 
electrode surface. Tire electrode reaction can now be 
described by the following steps: 
2 Or. s + 2e ' - - -~Or  s (Pt) , (c) 
" "  ~- -  X Or2.s (Pt) + V 0 -7  0 0 + Yr. s , (d) 
If the last step (d), which takes place on the three 
phase line, is rate determining tire values of a a and c% 
are 0 and 2 respectively (')'a = O, 7c = 4, r = 0 and u = 
2 in eqs. (12) and (13)). The electrode resistance at 
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high PO2 is then proportional to p1/2 (eq. (18a)), 
which experimentally was found lbr Bi203-free sam- 
ples at 873 K andPo2 > 4 × 10 .2 atm (see fig. 3). 
The same mechanism should give Rel ~ P~)2 for bis- 
muth doped samples where associative adsorption is 
expected. The slopes in the ReI-PO2 figure tend to 
reach this value for ZYB specimen atPo2 > 10 .2 arm 
and T = 873 K. Here probably associative and dissoci- 
ative mechanisms operate in parallel resulting in an in- 
termediate xponent. 
The electrode reaction mechanisms suggested here 
cannot easily be compared with literature. Verkerk et 
al. [ 1 ] concluded from theoretical calculations that 
probably the electrode process for sputtered platinum 
electrodes on ZY17 was determined by mass transport 
over the anode at high PO2 and mass transport over 
the cathode at low PO,2. This contradiction with our 
results may be due to the investigated temperature 
region. The lower temperatures u ed in this investiga- 
tion (873-953 K) instead of the temperatures around 
970 K from which Verkerk et al. [1] have mainly 
drawn their conclusions) suggests a charge-transfer 
mechanism as was also found by Mizusaki et al. [16] 
at 873 K. The stronger PO2 dependence of Rel ob- 
served by Verkerk [ 1 ] may also be due to some bismuth 
contamination on the electrode-electrolyte surface of 
which the authors were not aware. In future electrode 
resistance measurements will be performed in a temper- 
ature region covering the complete range (873-1000 K). 
4.2. ac impedance measurements 
The complex impedance diagrams of some samples 
at a temperature of 953 K and an oxygen partial pres- 
sure of 0.012 atm are given in fig. 4. Both, the shape 
of these diagrams and the impedance values change 
with oxygen partial pressure and are therefore associ- 
ated with the electrode behaviour of these samples. This 
was also indicated by a four probe dc measurement on 
ZY17, where the electrolyte resistance quals the resis- 
tance calculated from the high frequency intercept at 
the left hand side in fig. 4. The results of the electrolyte 
impedance measurements, which show a bulk and grain 
boundary contribution, are published elsewhere [ 12]. 
The electrode data are analysed by means of a circuit 
which incorporates a Constant Phase Angle (CPA) ele- 
ment. This element can be written as an impedance 
[17,181: 
8t 
4 
O- 
Z" (Q) 
,4 
O 
8- 
4 
0 
~ o c ~ 9  
-~00 02 
22 30 38 ,46 
0.2 
14 22 30 38 
---- Z' (Q) 
Fig. 4. Complex impedance diagrams tbr the electrode behav- 
iour at T = 953 K and PO2 = 1.2 X 10 -2 atm; (a) ZY17,(b) 
ZY21, (c) ZYB2. The frequency is given in Hz; (o) experimen- 
tal data. The solid line is the best fitted result of the electrical 
circuit, given in fig. 6. 
Z (CPA)=A~ l(jco)-~ with 0~<13<1. 
The components of the modulus Z = Z '  - jZ"  are: 
z '  =A~ t ~o-~ cos[0r/2)N ,
Z" =A61 ¢o-~ sin [-0r/2) /3] , 
where co is the angular f equency. The CPA impedance 
represents a resistor if/3 = 0 (.40 = R -1 ), a capacitance 
if/3 = 1 (A 0 = 6") and a Warburg impedance if~ = 0.5. 
At intermediate values of/~ no clear physical meaning 
is known for the CPA element. 
The experimental data of ZY21 and ZYB2, as given 
in figs. 4b and 4c respectively, could be described by 
a series combination of a resistance and two circuits; 
each circuit consists of a CPA element and a resistance 
in parallel (see fig. 5). This overall circuit was analysed 
by a non-linear least square fitting program [18]. The 
relative deviation of the measured ata from the calcu- 
lated data by the program was within 2%. The values of 
/~ in the CPA's in ZY21 are 0.87 and 0.93 for the high 
and low frequency parts respectively, while for ZYB2 
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Fig. 5. Electrical circuit, which gives the best results for the 
experimental data of fig. 4. CPA = Constant Phase Angle, h 
and I indicate high and low frequency part respectively; R B: 
overall electrolyte resistance. 
R2 --~'v'xAAANv- ~ 
I 
C1 
these values are 0.8 and 1. These CPA's most resemble 
a capacitance (/3 = 1). The parallel R -CPA circuits can 
therefore be regarded as R-C  circuits with C = 
(AR 1/~)/R and a depression angle a = (1 -/3)7r/2 be- 
low the Z '  axis of the semicircle representing the 
R-C  circuits. The depression angle (18 ° for/3 = 0.8 or 
smaller for higher/3 values) may be due to a discrete 
number of series and parallel reaction steps in the 
charge transfer process [19]. This point will not be 
further discussed because there are also a number of 
trivial reasons which can give rise to the depression 
angles observed here (in most cases smaller than 12°); 
e.g., electrolyte surface roughness and an inhomoge- 
neous electrode-electrolyte interface. 
Tile data calculated by the fitting program did not 
show any classical Warburg impedance behaviour (/3 = 
0.5). No frequency dispersion was observed at frequen- 
cies lower than induced in fig. 4 (down to 10 -3 Hz). 
A Warburg impedance is physically connected with a 
diffusion process on the electrode or electrolyte. The 
ac results support he assumption that diffusion of 
oxygen from adsorption site to reaction site or reverse 
is not rate determining under the conditions regarded 
here being a relatively low temperature and relatively 
high oxygen partial pressure (>10 -2 atm). The pres- 
ence of a R-type Warburg behaviour [2,20] cannot be 
excluded, however. The depression at high frequencies 
observed in fig. 4c may be due to the onset of a diffu- 
sion limiting process. 
The ac frequency dispersion measurements on
ZY17, ZY21 and ZYB2 at 873 K and 953 K and 10 -2 
atm ~<Po2 ~< 1 atm show the same kind of impedance 
diagrams as shown in fig. 4. These results are further 
analysed by the electrical circuit given in fig. 6. The 
total electrolyte resistance is given by R b . The elec- 
trode impedance is represented here by simple RC 
circuits (R 1 ,R2, C1, C2). The circuit in fig. 6 is repre- 
Fig. 6. Electrical circuit represented by the solid lines in fig. 4, 
sented in a complex impedance diagram by two (part- 
ly) overlapping semicircles with a depression angle of 
0 °. The calculated results by the fitting program [18] 
are given by the drawn lines in fig. 4. Badwal et al. 
[21,22] also found similar types of diagrams for Pt 
or Pd sputtered electrodes on yttria-stabilized zirconia 
in the temperature r gion of 873-1273 K. The high 
frequency part of the electrode polarization, which is 
represented by R 1 and C 1 in fig. 6, is relatively con- 
stant in the PO2 and temperature r gion regarded. The 
(double layer) capacity, C1, has a value of 1-3.5 F/m 2 
These values are also found in literature for the same 
type of systems [16,23]. 
The low frequency part (R 2 and C 2 in fig. 6) shows 
a strong variation in C 2 values (4 -40  F/m 2) depending 
on PO2 and T. A quantitative correlation cannot be 
made due to a large scatter in the results. There is, 
however, a tendency of a decrease in C 2 as well as in 
C 1 when the oxygen partial pressure increases from 
10 -2 atom to 1 atm (see table 2). Verkerk et al. [2] 
found a decrease in low frequency capacity for sput- 
tered Pt electrodes on ZY17 when PO2 decreases from 
5 X 10 -2 atm to 10 -4 atm. This result suggests that 
a maximum is present in the C 2-PO2 relation. The de- 
crease o fC  2 and C1, we observe may be due to a de- 
Table 2 
Capacitance values of the elements in fig. 6 at 953 K. 
PO2 (atm) ZY17 ZYB2 
C1 (F/m 2) C2 (F/m 2 ) C1 (F/m 2) C2 (F/m 2) 
0.012 3.8 38 3_5 20 
0.04833 3.2 43 2.3 10 
1 2.5 l 3 1.7 7.4 
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crease in effective reaction surface for the electrode 
reaction. 
The electrode behaviour of Bi203 doped yttria- 
stabilized zirconia differs from that of stabilized 
Bi203 systems. The electrode resistance of Er203 
stabilized Bi203 was found to be considerably ower 
than that of ZY17, while no minimum in the Rel-PO2 
curve was found [ 1 ], The complex impedance mea- 
surements on Bi-Er clearly showed a classical Warburg 
behaviour at Pox > 10-1 atm which is associated with 
surface diffusion (of electron holes) as limiting step in 
the electrode process [2]. This difference between 
ZYB and Bi203-Er203 systems indicate that the 
structure of the bismuth-rich layer is important for 
the electrode behaviour of Bi-doped samples. 
5. Conclusions 
The anodic and cathodic resistance of both bismuth- 
free and Bi203-doped yttria-stabilized zirconia show 
the same oxygen partial pressure (P02) dependence at 
low over-voltages and current densities. This result in- 
dicates amodel where charge transfer is the rate de- 
termining step for the electrode reaction in the tem- 
perature, PO2 and voltage region regarded. 
A ZY17 specimen with a Bi-rich surface shows a 
somewhat lower Rel than pure ZY17. 
The relation between Rel and PO2 can be repre- 
sented by Rel ~ P6 .  For Bi203 doped materials the 
value of n is twice that for Bi-free materials. This PO2 
dependence ofRel can be explained in a consistent 
way if it is assumed that oxygen adsorbs dissociative- 
ly on the bismuth free and associatively on the bis- 
muth doped samples. 
The ac impedance behaviour of the electrodJs can 
be analysed by simple R-C  circuits. No classical Warburg 
impedance was observed in PO2 range of 10 -2 -1  atm. 
The electrode capacity values indicate that the effec- 
tive reaction surface for the electrode reaction decreases 
with increasing PO2 at these relatively high oxygen par- 
tial pressures used (Po2 > 10-2 atm). 
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